The antiproton storage ring LEAR offered unique opportunities to study the symmetries which exist between matter and antimatter. At variance with other approaches at this facility, CPLEAR was an experiment devoted to the study of T , CPT and CP symmetries in the neutral kaon system. It measured with high precision the time evolution of initially strangeness-tagged K 0 and K 0 states to determine the size of violations with respect to these symmetries in the context of a systematic study. In parallel, limits concerning quantum-mechanical predictions (EPR paradox, coherence of the wave function) or the equivalence principle of general relativity have been obtained. This article will first discuss briefly the unique low energy antiproton storage ring LEAR followed by a description of the CPLEAR experiment, including the basic formalism necessary to understand the time evolution of a neutral kaon state and the main results related to measurements of discrete symmetries in the neutral kaon system. An excellent and exhaustive review of the CPLEAR experiment and all its measurements is given in Ref. 1.
The Low Energy Antiproton Ring
The Low Energy Antiproton Ring (LEAR) 2, 3 decelerated and stored antiprotons for eventual extraction to the experiments located in the South Hall. It was built in 1982 and operated until 1996, when it was converted into the Low Energy Ion Ring (LEIR), which provides lead-ion injection for the Large Hadron Collider (LHC). Under the LEAR programme, four machines -the Proton Synchrotron (PS), the Antiproton Collector (AC), the Antiproton Accumulator (AA), and LEARworked together to collect, cool and decelerate antiprotons for use in experiments. Protons accelerated to 26 GeV/c by the PS created antiprotons in collisions with a fixed target. A magnetic spectrometer selected the emerging antiprotons (3.6 GeV/c ) and injected them into the AC. Here they stayed for 4.8 s to reduce their momentum spread by means of stochastic cooling before being stored for a long time in the AA. Whenever the LEAR machine was ready to take a shot (≈ 5 × 10 9 ) of p , the AA released a part of its stack to the PS, where the p 's were decelerated to 609 MeV/c , injected into LEAR, and stochastically cooled down for another 5 min to a momentum spread of σ p /p = 10 −3 . This was followed by electron cooling, resulting in a relative momentum spread of only 5×10 − 4 . LEAR had been equipped with fast and ultra-slow extraction systems, the latter being used for the CPLEAR experiment providing a rate of 1 MHz antiprotons in spills of about 1 h. The last part of extraction line comprised two horizontal and two vertical bending magnets followed by a quadrupole doublet to align and focus the beam on the target in the centre of the detector. The size of the beam spot on the target had a FWHM of about 3 mm.
The CPLEAR Experimental Method
CPLEAR made use of charge-conjugate particles K 0 and K 0 produced in pp collisions at rest, with a flavour of strangeness different for particles (K 0 ) and antiparticles (K 0 ):
The conservation of strangeness in the strong interaction dictates that a K 0 is accompanied by a K − , and a K 0 by a K + . Hence, the strangeness of the neutral kaon at production was tagged by measuring the charge sign of the accompanying charged kaon and was therefore known event by event. If the neutral kaon subsequently decayed to eπν , its strangeness could also be tagged at the decay time by the charge of the decay electron. Indeed, in the limit that only transitions with ∆S = ∆Q take place, neutral kaons decay to e + if the strangeness is positive at the decay time and to e − if it is negative. For each initial strangeness, the number of neutral kaon decays was measured as a function of the decay time τ . These numbers, N f (τ ) and N f (τ ) for a non-leptonic final state f , or N ± (τ ) and N ∓ (τ ) for an eπν final state, were combined to form asymmetries, thus dealing mainly with ratios between measured quantities. However, the translation of measured numbers of events into decay rates requires acceptance factors which do not cancel in such asymmetries (a), residual background (b), and regeneration effects (c) to be taken into account.
(a) The major effect arises from the strangeness tagging of the neutral kaon state with the help of detecting and identifying the charge of the accompanying K ∓ π ± track-pair at the production vertex, and at the decay vertex with the e ∓ π ± track-pair. Small misalignments of detector components result in different momentum dependent efficiencies for reconstructing positively and negatively charged particles. This effect can be mitigated by changing frequently the polarity of the solenoid magnet, few times per day. A second charge dependent effect arises from different interaction probabilities of particles and antiparticles with the detector material made of matter and not of antimatter. These differences are determined in bins of the kinematics phasespace with large statistics samples of K 0 → π + π − at short decay times for the accompanying K ∓ π ± track-pair, and with calibration data for the e ∓ π (b) The background events mainly consist of neutral kaon decays to final states other than the signal. Since to a high degree of accuracy the amount of background is the same for initial K 0 and K 0 the contribution cancels in the numerator but not in the denominator of any asymmetry: thus diluting any asymmetry. Their contributions are obtained by Monte Carlo simulations and taken into account by the fits to the asymmetries. (c) The regeneration probabilities of K 0 and K 0 propagating through the detector material are not the same, thus making the measured ratio of initial K 0 and K 0 decay events at time τ different from that expected in vacuum. The effect is called regeneration, since it also leads to the creation of K S particles when a beam of K L particles propagates through material, which does not happen in vacuum. A dedicated experimental setup had been used to improve the knowledge on regeneration amplitudes, magnitudes and phases, in the momentum range relevant for the CPLEAR experiment. 4 The effect is being corrected for by applying a weight to each K 0 (K 0 ) event equal to the ratio of the decay probabilities for an initial K 0 (K 0 ) propagating in vacuum and through the detector.
The CPLEAR Detector
The detector specifications were based on the following essential experimental requirements:
• A very efficient charged kaon identification to separate the signal from the (very) large number of multi-pion annihilation channels.
• To distinguish between the various neutral kaon decay channels.
• To measure the decay proper time between 0 and ≈ 20 K S mean lives. At the highest K 0 momentum measured in our experiment (750 MeV/c ), the K S mean decay length is 4 cm. This sets the size of the cylindrical decay volume to a radius of ≈ 60 cm.
• To minimise material to keep the regeneration corrections small, resulting for example in the use of a pressurised hydrogen target instead of liquid hydrogen target.
• To acquire a large number of events, which required both a high rate sophisticated trigger and data acquisition system (1 MHz annihilation rate) and a large geometrical coverage.
Since the antiprotons annihilate at rest, the particles are produced isotropically, thus the detector had a typical near-4π geometry. The whole detector was embedded in a (3.6 m long, 2 m diameter) warm solenoidal magnet which provided a 0.44 T uniform field. The general layout of the CPLEAR experiment is shown in Fig. 1 ; a comprehensive description of the detector is found in Ref. 5 antiprotons were stopped in a pressurised hydrogen gas target. For data taken up to mid-1994 the target was a sphere of 7 cm radius at 16 bar pressure. After that date it was replaced by a 1.1 cm radius cylindrical target at 27 bar pressure. A series of light-weighted cylindrical tracking detectors provided information about the trajectories of charged particles in order to determine their charge signs, momenta and positions. There were two proportional chambers (9.5 and 12.7 cm in radius, measuring rΦ), six drift chambers (from 25 to 60 cm, measuring rΦ, z) and two layers of streamer tubes (for a fast z determination within 600 ns). The total material in the target and tracking chambers amounted to ≈ 1% equivalent radiation length (X 0 ). After trackfit, the spatial resolution was better than 350 µm in r and rΦ, and 2 mm in z with sufficient good momentum resolution (∆p/p between 5% and 10%).
The tracking detectors were followed by the particle-identification detector (PID), which carried out the charged-kaon identification. The PID comprised a threshold Cherenkov detector, which was mainly effective for K/π separation above 350 MeV/c momentum, and scintillators which measured the energy loss (dE/dx) and the time of flight of charged particles. The PID recognised in ≈ 60 ns the presence of a charged kaon out of a background 250 times higher. The Cherenkov threshold was 300 MeV/c for pions and 700 MeV/c for kaons. The PID was also used to separate electrons from pions below 350 MeV/c .
The outermost detector was a lead/gas sampling calorimeter (ECAL) used to detect the photons produced in π 0 decays. It consisted of 18 layers of 1.5 mm lead converters and high-gain tubes, the latter sandwiched between two layers of pick-up strips (±30 • with respect to the tubes), for a total of 64 000 readout channels. The design criteria of the calorimeter were mainly dictated by the required accuracy on the reconstruction of the K 0 → 2π 0 or 3π 0 decay vertices. The calorimeter provided e/π separation at higher momenta (p > 300 MeV/c ) complementary to the PID. The high annihilation rate and the small value of the branching ratio for the signal reaction (≈ 2×10 −3 ) made it necessary to develop a sophisticated trigger and data acquisition system to limit the amount of recorded data and to minimise the dead-time of the experiment. A set of hardwired processors (HWP) was specially designed to reject unwanted events fast and efficient, by providing a full event reconstruction in a few microseconds. The decisions were based on fast recognition of the charged kaon (using the PID hit maps), the number and topology of the charged tracks, the particle identification (using energy-loss, time-of-flight and Cherenkov light response) and kinematic constraints, as well as the number of showers in the ECAL. The overall rejection factor of the trigger was about 10 3 , allowing a read-out rate of ≈ 450 events per second at an average beam rate of 800 kHz. In order to control the bias introduced by the trigger selections, it was essential to confirm the primary Kπ pairs found by the trigger with the primary Kπ pairs found by the offline reconstruction. This matching procedure was achieved by running the trigger simulation on the selected events, requiring the event to pass the trigger criteria with which the data were written, and rejecting events where the trigger and offline reconstruction disagreed on primary tracks. In addition, minimum-bias data, requiring only the coincidence between an incoming p signal and a signal in one of the scintillators, were collected at least three times a day, thus providing a representative set of the overall data to be used for calibration purposes and trigger studies.
The CPLEAR detector was fully operational between 1992 and 1996, collecting a total number of antiprotons equal to 1. Some of these measurements will be discussed in more detail in the following sections after a short introduction into the formalism of the time evolution of neutral kaon states.
Phenomenology of the Neutral Kaon System

Time evolution
In the absence of any strangeness-violating interaction, the stationary states |K 0 and |K 0 of a K 0 -meson and K 0 -meson respectively, are mass eigenstates of the strong and electromagnetic interactions and of strangeness S:
Since the strangeness-violating interaction H wk is much weaker than the strong and electromagnetic interaction, perturbation theory can be applied (Wigner-Weisskopf approach). 22, 23 The time evolution of the neutral kaon wave function is then described by the following differential equation:
where Λ can be split into two Hermitian matrices M and Γ, called mass and decay matrices respectively. The matrix elements of Λ are given by:
where P stands for the principal part and the indices i, j = 1 and i, j = 2 correspond to K 0 and K 0 respectively. (5) vanishes. We use the following parametrisation of Λ with eight real and positive parameters:
where m K 0 and m K 0 are equal to the masses, and 1/Γ K 0 and 1/Γ K 0 to the lifetimes of the K 0 and K 0 states respectively.
The time evolution of initially pure K 0 and K 0 states is given by
with
where λ S and λ L are the eigenvalues of the matrix Λ . The corresponding eigenvectors are given by:
with arbitrary phases ϕ S , ϕ L and 
By requiring CPT |K 0 = T CP |K 0 , it follows for the phases φ i that
If Λ is invariant under T , CPT or CP transformations, the following conditions must be satisfied:
It is convenient to introduce the following T and CPT violation parameters:
with ϕ SW = atan (2∆m/∆Γ). The lifetime difference is found to be about twice the mass difference ∆m ≡ m L − m S and therefore ϕ SW ≈ 45
• . Assuming small T and CPT violation, the time evolution of initially-pure strangeness states can be rewritten as
Additional violations of discrete symmetries may occur in the decay of particles, either 1 through the interference of a decay amplitude with the oscillation amplitude, i.e. the phase of the decay amplitude is different from ϕ Γ , 2 through the interference of two decay amplitudes with different weak phases, 3 or through direct CPT in a decay amplitude. systematic study of CP in the neutral kaon system. And in addition, one decay amplitude (K 0 → ππ, I = 0) dominates over all other decay amplitudes. This makes the effects of 1 and 2 very small in the kaon system while they are dominating in the B systems. In case, there is one amplitude contributing to the instant decay of a neutral kaon to a final state f , this can then be described for K 0 and K 0 by the amplitudes A f , A f ,
The amplitudes A f and B f are CPT symmetric and antisymmetric, respectively, δ f is a strong phase describing a possible final state interaction. Alternatively we can express the rates in terms of K S and K L decay amplitudes, which is common in case f is a CP eigenstate:
It is then possible for example to calculate the time dependent decay rates into f = π + π − as:
Since the π + π − , π 0 π 0 final states are governed by isospin I = 0 and I = 2 amplitudes, with |A 2 /A 0 | ≈ 0.045, 26 the different contributions to η +− and η 00 are given by:
with ε = ε T + δ + i∆φ + ∆A, where ε T + δ represent T and CPT respectively in mixing, ε direct CP through interference of I = 0 and I = 2 amplitudes, ∆φ CP through interference between mixing and I = 0 decay amplitude, and ∆A represents CPT in the dominating I = 0 amplitude.
Measurement of CP violation in the decay to π
The CPLEAR measurement of the decay rate asymmetry Fig. 2) shows that large rate differences between K 0 and K 0 occur between 8 and 16 K S lifetimes, despite the fact that |η +− | is only about ≈ 2.3×10 −3 . The measured decay rates need to be corrected for charge asymmetric detection efficiencies of the accompanying primary K ± π ∓ pair, which is done using the high statistics data of the π + π − mode at short decay times, where contributions due to CP described by η +− is known with sufficient accuracy. However, this only allows one to determine w = [1+4 (ε T +δ)]ξ, with ξ describing the detector effects. The experimental measured asymmetry then becomes:
with Bck(τ ) describing the residual background contributions mainly from semileptonic decays, k a free parameter of the fit accounting for the statistical uncertainties in the normalisation weights and for the correlations between the magnitudes of these weights and the fitted CP -violation parameters. Using the 1998 PDG average values for ∆m, τ S and τ L , 27 the final CPLEAR result is:
The improved precision in the value of the phase φ +− had been an important ingredient for setting a limit to a possible CPT violating K 0 -K 0 mass difference, see Section 4.5. 
Direct measurements of the T and CPT violation parameters
Semileptonic decays of neutral kaons have the distinctive feature that the charge of the lepton tags the strangeness at the time of the decay (K 
10
In the absence of ∆S = ∆Q violating processes, the time dependent decay rate asymmetry A T measures directly the difference in magnitude of the off-diagonal elements of Λ without any assumption about the smallness of CP and the magnitude of ∆Γ:
With ∆S = ∆Q violating processes, three more parameters related to the semileptonic decay amplitudes appear in the formalism of semileptonic decay rate asymmetries: (y) describing direct CPT violation in the ∆S = ∆Q allowed decay, 
In addition, correcting for charge depending detector asymmetries affecting the detection of the accompanying primary particles (K ± π ∓ ) using the π + π − data at early lifetimes, yields an additional contribution to the asymmetry of 2 (ε T + δ).
Using high precision measurements of the semileptonic decay asymmetry,
27
δ l = 2 (ε T + δ − y − x − ) = (3.27 ± 0.12) × 10 −3 , this results in: In the original publication of the A T asymmetry, 10 an assumption about CPT invariance in the semileptonic decay amplitudes was made when fitting the experimental data (Fig. 3) resulting in:
having observed directly for the first time T violation at work. Compiling the CPLEAR data together with other world averages for some of the neutral kaon parameters, together with the Bell-Steinberger (or unitarity) relation, 20 constraints the quantity (x − + y) to be within (−0.2 ± 0.3) × 10 −3 confirming the assumption that the possible contribution to A T exp from CPT -violating decay amplitudes is negligible. Until today (2014), this is the only direct observation of T violation in the mixing of neutral mesons. A similar asymmetry can be constructed for the case of CPT , for simplicity assume absence of ∆S = ∆Q violating processes:
Including ∆S = ∆Q violating contributions and correcting for the primary charge asymmetry as before with the 2π data, if finally turns out that a direct measurement of CPT can be obtained by combining the two asymmetries 26 and 29 to become:
The final fit results are:
T and CPT parameters constrained by the unitarity relation
As mentioned earlier, the neutral kaon system is unique in the sense that due to the rather limited number of final states, Eq. (5) can directly be used as a constraint by summing up all relevant final states. By improving the precision of the three-pion decay rates 8, 9 and measuring precisely the semileptonic decay rates, 12 CPLEAR made possible the determination of many parameters of the neutral kaon system with unprecedented accuracy. Rewriting Eq. (5) in the K S −K L basis, we derive the well known Bell-Steinberger relation 29, 30 relating all decay channels of neutral kaons to the parameters describing T and CPT non-invariance in the neutral kaon mixing:
The sum on the right-hand side of the above equation can be written as
Here BR stands for branching ratio, the upper index refers to the decaying particle and the lower index to the final state and l denotes electrons and muons. with the most recent world averages (1998) for some of the neutral kaon parameters, the following result is being obtained:
which establishes unambiguously T violation at the level of 65σ and sets stringent limits on CPT in mixing but also in various decay amplitudes, for more results see Ref. 20 . The unitarity relation in the K 0 -K 0 basis can also be used to derive a limit on the phase difference between Γ 12 and the dominating I = 0 decay amplitude in the ππ mode. In the neutral B-system, such a phase difference which corresponds to the interference of mixing and decay amplitudes is the dominating source for CP violation. In the kaon system, it is small ∆Φ =
The CPT theorem, [32] [33] [34] which is based on general principles of the relativistic quantum field theory, states that any order of the triple product of the discrete symmetries C , P and T should represent an exact symmetry. The theorem predicts, among other things, that particles and antiparticles have equal masses and lifetimes. With the above results for (δ) and (δ) and using Eq. (15), it is straightforward to obtain:
with a correlation coefficient of −0.95. In contrast to earlier compilations, for example Ref. 27 , the CPLEAR results are free of any prejudice of CPT invariance in decay amplitudes. Assuming CPT invariance in all decays, the precision on the mass difference (−0.7 ± 2.8) × 10 −19 GeV improves by about one order of magnitude. These are still the best limits for a mass difference between particles and antiparticles, thanks to the small value of ∆m = 3.484 × 10 −12 MeV which works like a magnification glass. In the neutral B-systems, the mass differences are ≈ 100 and ≈ 300 larger for the B d and B s respectively compared to the kaon system and therefore B-systems are less sensitive to CPT effects.
Measurements related to basic principles
In the last section, I would like to discuss three CPLEAR results 16, 18, 19 which are related to the basics of Quantum Mechanics (QM) and general relativity.
Probing a possible loss of QM coherence
All results discussed so far are based on a framework of QM of closed systems, solutions of Eq. (4) are pure states and evolve as such in time. Some approaches to quantum gravity 35 suggest that topologically non-trivial space-time fluctuations (space-time foam, virtual black-holes) entail an intrinsic, fundamental information loss, and therefore induce transitions from pure to mixed states, 36 and define the arrow of time. In the K 0 -K 0 system such a behavior can be described by a phenomenological ansatz using a 2 × 2 density matrix ρ, which obeyṡ
where Λ is the 2 × 2 matrix of Eq. (6), and the term / δΛ ρ induces a loss of quantum coherence in the observed system. In the case of the neutral kaon system, if the conservation of energy and strangeness are assumed, the open-system equation (33) 
Depending on the angular momentum between the K 0 and K 0 , the wave function describing the time evolution of the two entangled states is either symmetric or antisymmetric with respect of changing K 0 ↔ K 0 . However, it turns out that in 93% of the cases, 37 the wave function is antisymmetric with
Switching on the time evolution of the neutral kaons, Eq. (8), and separating into combinations of unlike and like-strangeness at time t a and t b yields:
From which follows the prediction of QM, independent of any CP in the mixing of neutral kaons: at equal times, the probability to observe the two states with equal strangeness goes to zero. The speciality of this measurement, the strangeness is monitored by strong interaction in two absorbers near the target, see Fig. 4 , via the observation in the same event, at two different times, of a Λ and a K + (unlike strangeness) or a Λ and a K − or two Λ (like strangeness). The tagging via strong interaction bypasses any potential complications arising from ∆S = ∆Q violating neutral meson decays. The asymmetries of the yields for unlike-and like-strangeness events were measured for two experimental configurations C(0) and C(5), see Fig. 4 (a), corresponding to ≈ 0 and 1.2τ S proper time differences between the two strangeness measurements, or path differences |∆l| of ≈ 0 and 5 cm. As shown in Fig. 4(b) , these asymmetries are consistent with the values predicted from QM, and therefore consistent with the non-separability hypothesis of the K 0 K 0 wave function. The non-separability hypothesis is also strongly favoured by the yield of ΛΛ events.
Test of the equivalence principle for particles and antiparticles
With the large statistics of π + π − decays, CPLEAR had been able to search for possible annual, monthly and diurnal modulations of the observables |η +− | and φ +− that could be correlated with variations in astrophysical potentials. No such correlations were found within the CPLEAR accuracy. 16 Data were analyzed assuming effective scalar, vector and tensor interactions, with the conclusion that the principle of equivalence between particles and antiparticles holds to a level of (6.5, 4.3, 1.8)×10 −9 , respectively, for scalar, vector and tensor potential originating from the Sun with a range much greater than the Earth-Sun distance. Figure 5 shows a compilation of the upper limits on |g − g| J , the gravitational coupling difference between K 0 and K 0 , as a function of the interaction range r J where J = 0, 1, 2 for scalar, vector and tensor potential, respectively. 
Conclusion
To summarise, CPLEAR had been a nice small size experiment studying with unprecedented precision violations of discrete symmetries (T , CPT and CP ) in the neutral kaon systems and addressing fundamental physics questions ranging from a possible breakdown of quantum coherence of the wave function to the equivalence principle of general relativity. Thanks to the idea of using flavour tagged neutral kaon "beams". 
